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INTEGRATED CIRCUITS WITH A
PARTIALLY-DEPLETED REGION FORMED
OVER A BULK SILICON SUBSTRATE AND
METHODS FOR FABRICATING THE SAME

TECHNICAL FIELD

The present disclosure generally relates to integrated
circuits and methods for fabricating integrated circuits.
More particularly, the present disclosure relates to integrated
circuits with a partially-depleted region formed over a bulk
silicon substrate and methods for fabricating the same.

BACKGROUND

The majority of present day integrated circuits (ICs) are
implemented by using a plurality of interconnected field

cllect transistors (FETs), also called metal oxide semicon-
ductor field eflect transistors (MOSFETs), or simply MOS
transistors. An MOS transistor includes a gate electrode as
a control electrode and spaced apart source and drain regions
between which a current can tlow. A control voltage applied
to the gate electrode controls the flow of current through a
channel between the source and drain electrodes. Comple-
mentary MOS (CMOS) devices include a plurality of
N-channel MOS (NMOS) transistors and a plurality of
P-channel (PMOS) transistors.

The fabrication of integrated circuits requires a large
number of circuit elements, such as MOS transistors and the
like, to be formed on a given chip area according to a
specified circuit layout. CMOS technology 1s a commonly
used technology for manufacturing complex circuitry due to
the superior characteristics 1n view of operating speed and/or
power consumption and/or cost efliciency. During the fab-
rication ol complex integrated circuits using CMOS tech-
nology, millions of complementary transistors, 1.e., N-chan-
nel transistors and P-channel transistors, are formed in and
on a substrate including a crystalline semiconductor layer.
An MOS transistor, irrespective of whether an N-channel
transistor or a P-channel transistor 1s considered, includes
so-called PN junctions that are formed by an interface of
highly doped drain and source regions with an inversely or
weakly doped channel region disposed between the drain
region and the source region. The conductivity of the
channel region, 1.e., the drive current capability of the
conductive channel, 1s controlled by a gate electrode formed
above the channel region and separated therefrom by a thin
insulating layer. The conductivity of the channel region,
upon formation of a conductive channel due to the applica-
tion of an appropriate control voltage to the gate electrode,
depends on, among other things, the distance between the
source and drain regions, which 1s also referred to as channel
length. Therefore, reducing the feature sizes, and 1n particu-
lar the gate length, of field eflfect transistors has been an
important design criterion.

In view of further enhancing performance of transistors,
in addition to other advantages, the SOI (semiconductor- or
silicon-on-insulator) architecture has continuously been
gaining 1n importance for manufacturing MOS transistors
due to their characteristic of a reduced parasitic capacitance
of the PN junctions, thereby allowing higher switching
speeds compared to bulk transistors. In SOI transistors, the
semiconductor region, 1n which the drain and source regions
as well as the channel region are located, also referred to as
the body, 1s dielectrically encapsulated. Depending on the
level of charge carriers 1n the channel region, which in turn
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1s dependent upon the doping of the channel region, SOI
transistors are either “‘partially-depleted” or “tully-de-

pleted.”

In partially-depleted SOI transistors, during operation,
charges can accumulate in the channel region by virtue of
the remaining charge carriers therein and the fact that the
channel 1s dielectrically encapsulated. This 1s referred to 1n
the art as the “floating body” eflect. The accumulated
charges aflect the current 1n the drain region of the transistor,
resulting 1n drain current “kink™ eflect, 1.e., an abnormal
threshold voltage slope, low drain breakdown voltage, and
drain current transient charges. For example, when an SOI
MOSFET 1s operated at a large drain-to-source voltage,
channel electrons cause substrate 1onization near the drain
end of the channel. Holes build up 1n the body of the device,
raising the body potential and thereby raising the threshold
voltage. This increases the MOSFET current causing a
“kink” 1n the current vs. voltage (I-V) curves.

Utilization of this kink effect 1s beneficial in certain
CMOS mtegrated circuit designs. For example, mn low-
power memory device applications, partially-depleted SOI
transistors are often used to read and write from memory
arrays. Heretofore, as noted above, the kink effect has only
been observed in integrated circuits manufactured over a
SOI substrate. However, due to processing restrictions and
the increased expense of SOI substrates, 1t 1s often desirable
to employ bulk silicon substrates. Thus, 1n the prior art, the
selection of a bulk silicon substrate required the integrated
circuit designer to forego the use of the “kink™ effect, and the
low-power benefits attendant therewith.

Accordingly, 1t 1s desirable to provide improved bulk
silicon substrate integrated circuits and methods for fabri-
cating the same that include partially-depleted transistors,
which, i operation, exhibit the above-noted kink effect.
Furthermore, 1t 1s desirable to provide bulk silicon substrate
integrated circuits suitable for use in low-power memory
device applications. Still further, other desirable features and
characteristics of the present disclosure will become appar-
ent from the subsequent detailed description of the disclo-
sure and the appended claims, taken 1n conjunction with the
accompanying drawings and this background of the disclo-
sure.

BRIEF SUMMARY

Integrated circuits and methods of fabricating integrated
circuits formed on bulk silicon substrates are provided 1n
various exemplary embodiments. In accordance with one
exemplary embodiment, an integrated circuit includes a bulk
silicon substrate that 1s lightly-doped with a first dopant
type, which 1s divided 1nto a first device region and a second
device region, and a well region that 1s lightly-doped with a
second dopant type formed 1n the second device region. The
integrated circuit further includes a first gate electrode
structure over the first device region and a second gate
clectrode structure over the second device region, heavily-
doped source/drain extension regions of the first dopant type
in the bulk silicon substrate aligned with the first gate
clectrode structure and heavily-doped source/drain exten-
s1ion regions ol the second dopant type in the bulk silicon
substrate aligned with the second gate electrode structure,
and an intermediately-doped halo region of the second
dopant type in the bulk silicon substrate underneath the first
gate electrode structure and an intermediately-doped halo
region of the first dopant type in the bulk silicon substrate
underneath the second gate electrode structure. Still further,
the integrated circuit includes heavily-doped source/drain
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regions of the first dopant type aligned 1n the bulk silicon
substrate overlying a portion of the source/drain extension
regions 1n the first device region and heavily-doped source/
drain regions of the second dopant type aligned 1n the bulk
silicon substrate overlying a portion of the source/drain
extension regions 1n the second device region.

In accordance with another embodiment, a method of
fabricating an integrated circuit includes providing a bulk
silicon substrate that 1s lightly-doped with a first dopant
type, dividing the bulk silicon substrate into a first device
region and a second device region, and forming a well
region that 1s lightly-doped with a second dopant type 1n the
second device region. The method further includes forming
a {irst gate electrode structure over the first device region and
a second gate electrode structure over the second device
region, forming heavily-doped source/drain extension
regions of the first dopant type in the bulk silicon substrate
aligned with the first gate electrode structure and heavily-
doped source/drain extension regions of the second dopant
type 1n the bulk silicon substrate aligned with the second
gate electrode structure, and forming an intermediately-
doped halo region of the second dopant type 1n the bulk
s1licon substrate underneath the first gate electrode structure
and an intermediately-doped halo region of the first dopant
type 1n the bulk silicon substrate underneath the second gate
electrode structure. Still further, the method includes form-
ing heavily-doped source/drain regions of the first dopant
type 1n the bulk silicon substrate overlying a portion of the
source/drain extension regions 1n the first device region and
heavily-doped source/drain regions of the second dopant
type 1n the bulk silicon substrate overlying a portion of the
source/drain extension regions in the second device region.

BRIEF DESCRIPTION OF THE DRAWINGS

The various embodiments will hereinatiter be described in
conjunction with the following drawing figures, wherein like
numerals denote like elements, and wherein:

FIGS. 1-4 1illustrate, in cross section, bulk silicon inte-
grated circuit structures and methods for fabricating bulk
s1licon integrated circuit structures in accordance with vari-
ous embodiments of the present disclosure;

FIG. 5 1s a graph illustrating simulated on/ofl current

performance characteristics of bulk silicon integrated cir-
cuits structures fabricated in accordance with the methods

1llustrated in FIGS. 1-4.

DETAILED DESCRIPTION

The following detailed description 1s merely illustrative in
nature and 1s not intended to limit the embodiments of the
subject matter or the application and uses of such embodi-
ments. Furthermore, there 1s no intention to be bound by any
expressed or implied theory presented in the preceding
technical field, background, brief summary or the following
detailed description.

In the prior art, the utilization of the partially-depleted
SOI transistor “kink™ effect 1s not possible on bulk substrates
with conventional wells because the well-to-substrate and
the well-to-well capacitance 1s too high, hindering fast
charging and discharging of this capacitance and limiting the
switching speed of the transistor/circuit. Disclosed herein
are integrated circuits and methods for fabricating integrated
circuits that implement a “partially-depleted” (PD) device
into a bulk substrate-based CMOS-technology fabrication
process tlow. This process tlow enables transistors with
higher performance due to the utilization of the kink effect
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on a relatively inexpensive and technologically-matured
bulk technology. Further, this combination of classical bulk
silicon substrates and partially-depleted transistors gives
integrated circuit designers more flexibility for high-pertor-
mance and low-power applications on the same circuit.

For the sake of brevity, conventional techniques related to
semiconductor device fabrication are not described 1n detail
herein. Moreover, the various tasks and process steps
described herein may be incorporated mto a more compre-
hensive procedure or process having additional steps or
functionality not described in detail herein. In particular,
various steps 1n the manufacture of semiconductor-based
integrated circuits are well-known and so, 1n the interest of
brevity, many conventional steps are only mentioned briefly
herein or will be omitted entirely without providing the
well-known process details.

The techniques and technologies described herein are
utilized to fabricate MOS integrated circuit devices, includ-
ing NMOS integrated circuit devices, PMOS integrated
circuit devices, and CMOS integrated circuit devices. In
particular, the process steps described herein are utilized in
conjunction with any semiconductor device fabrication pro-
cess that forms gate structures for integrated circuits, includ-
ing both planar and non-planar integrated circuits. Although
the term “MOS” properly refers to a device having a metal
gate electrode and an oxide gate insulator, that term 1s used
throughout to refer to any semiconductor device that
includes a conductive gate electrode (whether metal or other
conductive matenial) that 1s positioned over a gate 1nsulator
(whether oxide or other insulator) which, 1n turn, 1s posi-
tioned over a semiconductor substrate.

FIGS. 1-4 1illustrate, in cross section, bulk silicon inte-
grated circuit structures and methods for fabricating bulk
s1licon integrated circuit structures in accordance with vari-
ous embodiments of the present disclosure. With specific
reference to FIG. 1, mn one embodiment, depicted i1s a
cross-sectional view of a partially-formed integrated circuit
(IC). The partially-formed IC 1includes a semiconductor
substrate 101. As used herein, the term “semiconductor
substrate” 1s used to encompass semiconductor materials
conventionally used in the semiconductor industry from
which to make electrical devices. “Semiconductor materi-
als” include bulk monocrystalline silicon maternials, such as
the relatively pure or impurity-doped monocrystalline sili-
con materials typically used in the semiconductor industry,
as well as bulk polycrystalline silicon materials (hereinafter
referred to as “polysilicon™), and silicon admixed with other
clements such as germanium, carbon, and the like. In
addition, “semiconductor materials” encompass other mate-
rials such as relatively pure and impurity-doped germanium,
gallium arsenide and other III-V compounds, zinc oxide,
glass, and the like.

In one embodiment, the bulk silicon substrate 101 may be
a p-type doped substrate. For example, the substrate 101
may be a lightly-doped p-type substrate. The substrate 101
may include doped regions or wells having different dopant
concentrations. For example, the device may include heavily
doped, intermediately doped, and lightly doped regions. The
doped regions may be designated by x~, X and x™, where x
indicates the polarity of the doping, such as p-type or n-type,
and x~ means lightly doped, x means mtermediately doped,
and x™ means heavily doped. As used herein, a lightly doped
region has a dopant concentration of less than about 5E13/
cm’, an intermediately doped region has a dopant concen-
tration of about 5E13 to about 5E15/cm’, and a heavily
doped region has a dopant concentration of more than about
5E15/cm”. P-type dopants may include boron (B), alumi-
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num (Al), indium (In) or a combination thereof, while n-type
dopants may include phosphorus (P), arsenic (As), antimony
(Sb) or a combination thereof.

Isolation regions may be provided for 1solating or sepa-
rating diflerent regions of the substrate 101. In one embodi-
ment, device regions are 1solated from other regions or
device regions by a device isolation region 105. For
example, the device 1solation region 1035 separates the
various p-type and n-type devices of a CMOS {from one
another. The 1solation region 105, for example, 1s a shallow
trench 1solation (STI) region. Other types of 1solation
regions may also be employed. For example, the 1solation
region may be a deep trench 1solation (DTI) region. The
1solation region 105, for example, extends to a depth of
about 4000 A. Providing isolation regions that extend to
other depths, such as about 0.5 to about 10 um for DTI
regions, may also be used. In one embodiment, the width of
the 1solation region 105 1s about 0.3 um. Providing 1solation
regions having different depths and widths may also be used.
In the embodiment shown 1n FIG. 1, the 1solation region 105
separates a first device region 102, which in an embodiment
1s a p-type FE'T (PFET) region, from a second device region
103, which in an embodiment 1s an n-type FET (NFET)
region. As noted above, at this stage of manufacture, the
FETs are only partially-formed.

In one embodiment, 1n the NFET region 103, the substrate
101 includes a doped well 104 disposed 1n the substrate 101,
which encompasses the device region 103. The well 1s
formed by 10n 1implantation of an appropnate 1on, as noted
by arrows 151 1n FIG. 1 The NFET region doped well 104,
for example, extends to a depth of about 0.3 um to about 5
um, and 1s doped with a light amount of conductivity-
determining ions. The depth and doping, for example, are
determined by device breakdown voltage and 1solation
requirements. Providing a doped well of a different depth
may also be used. In one embodiment, the doped well 104
has conductivity-determining 1ons opposite that of the sub-
strate 101. As shown 1n FIG. 1, the substrate 1s a lightly
p-type doped substrate, and the NFET region doped well 104
1s a lightly n-type doped well.

Reference 1s now made to FIG. 2. As shown therein, each
device region 102, 103 includes a gate electrode structure
106. The gate electrode structures 106 may be one of several
configurations well known 1n the art, such as a conventional
gate oxide/polysilicon gate electrode (polyS10ON) configu-
ration, or a high-k dielectric/metal gate electrode (HK/MG)
configuration. When a conventional polyS10ON configuration
1s used, the gate electrode structures 106 may include a gate
insulation layer 107, which may include a conventional gate
dielectric material, such as, for example, silicon dioxide,
silicon oxynitride, and the like, and a gate electrode 108,
which may include polysilicon. On the other hand, when an
HK/MG configuration 1s used, the gate insulation layer 107
may be one of several well-known high-k gate dielectric
materials (1.e., materials having a dielectric constant “k”
greater than silicon, that 1s, 3.7), such as tantalum oxide
(Ta,0;), strontium titanium oxide (Sr110,), hafnium oxide
(H1O,), hatnium silicon oxide (HiS10), zirconium oxide
(ZrO,) and the like, whereas the gate electrode 108 may
include, for example, metal gate maternials such as titanium
nitride (TiN), titamum aluminum nitride (T1AIN), titanium
silicon nitride (11SiN) and the like. Furthermore, an upper
portion of the metal gate electrode of an HK/MG configu-
ration may also include polysilicon. Other materials and
combinations may also be used.

The gate insulator 107 may be a layer of thermally grown
silicon dioxide or, alternatively, a deposited insulator such as
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a silicon oxide, silicon nitride, any kind of high-k oxide such
as hatnium oxides, or the like. Deposited insulators may be
deposited, for example, by chemical vapor deposition
(CVD), atomic layer deposition (ALD), low pressure chemi-
cal vapor deposition (LPCVD), or plasma enhanced chemi-
cal vapor deposition (PECVD). The gate insulator material
preferably has a thickness of about 1 nm to about 10 nm,
although the actual thickness may be determined based on
the application of the transistor in the circuit being imple-
mented. The maternial for the gate electrode 108 1s formed
overlying the gate insulator material. In accordance with
certain embodiments, the material used for the gate electrode
108 1s polycrystalline silicon, although other replaceable
materials could be used instead of polycrystalline silicon. In
other embodiments, the material used for the gate electrode
108 includes a thin metal layer underlying polycrystalline
silicon. The layer of polycrystalline silicon 1s preferably
deposited, e.g., using LPCVD by the hydrogen reduction of
silane. For example, the polycrystalline silicon may have a
thickness from about 50 nm to about 100 nm. Thereafter, the
polycrystalline silicon, the thin metal layer, and the under-
lying gate insulator material are etched using hard mask caps
as an appropriate etch mask, as 1s known 1n the art.

Depending on the device requirements and/or the overall
processing strategy, the gate electrode structure 106 may
include sidewall spacer structures 109, which may include
one or more suitable dielectric materials, such as silicon
nitride, silicon dioxide, silicon oxynitride, and the like.
Furthermore, the sidewall spacer structures 109 may include
two or more spacer elements, such as oflset spacers, con-
formal liners, and the like, which may act as appropriate
implantation masks for creating the lateral dopant profile for
highly-doped drain and source regions and extension
regions, as will be described 1n greater detail below.

The spacers 109 are fabricated 1n a conventional manner.
In this regard, the spacers 109 may be created by confor-
mally depositing a dielectric material over the semiconduc-
tor substrate 101, where the dielectric material 1s an appro-
priate msulator, such as silicon nitride. The dielectric spacer
material can be deposited 1n a known manner by, for
example, atomic layer deposition (ALD), CVD, LPCVD,
semi-atmospheric chemical vapor deposition (SACVD), or
PECVD. The layer of dielectric spacer matenal 1s deposited
to a thickness so that, after anisotropic etching, the spacers
109 formed from the layer have a thickness that 1s appro-
priate for any subsequent process steps, such as 1on-implan-
tation. In some embodiments, the layer of dielectric spacer
material 1s deposited to a thickness of about 5 nm to about
50 nm. The process continues, in accordance with an exem-
plary embodiment, with amsotropic etching of the layer of
dielectric spacer maternial to form the spacers 109, as 1llus-
trated 1n FIG. 2. The layer of dielectric spacer material can
be etched by, for example, reactive 10n etching (RIE) using
a suitable etching chemistry. The spacers 109 are used to
protect the underlying semiconductor substrate 101 during
ion implantation associated with the formation of source/
drain extension implants, halo implants, and deep source/
drain 1implants, as will be discussed 1n greater detail below.

With reference now to FIGS. 3A, 3B, and 4, the integrated
circuit may be formed to include, for each device region 102,
103, respectively, source/drain extension regions 110, 111
(implanted as shown in FIG. 3A), halo regions 112, 113
(1implanted as shown 1n FIG. 3B), and source/drain regions
114, 115 (implanted as shown 1n FI1G. 4). It will be appre-
ciated by those skilled in the art that the formation of the
source/drain extension regions 110, 111, the halo regions
112, 113, and/or the source/drain regions 114, 115 may be
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coordinated with the formation of the spacer(s) 109, as noted
above, thereby permitting a self-aligned process.

As 1s well known 1n the art, the source/drain extension
regions 110, 111 may be formed adjacent to a channel region
116. In an embodiment, the source/drain extension regions
110, 111 may be formed to a shallow depth by heavily
doping with conductivity-determining 1ons to facilitate
dimensional reductions for the scaling of the integrated
circuit. The impurities used to form the source/drain exten-
sion regions 110, 111 may include n-type or p-type, depend-
ing on the first and second device regions 102, 103 being
formed (e.g., n-type impurities for an NMOS device and
p-type impurities for a PMOS device). As shown in the
exemplary embodiment 1llustrated in FIG. 3A, the extension
regions 110 for the PFET device region 102 are formed by
heavily doping p-type 1ons, as indicated by arrows 152, and
the extension regions 111 for the NFET device region 103
are formed by heavily doping n-type 10ns, as indicated by
arrows 153.

The halo regions 112, 113 may be formed adjacent the
source/drain extension regions 110, 111. As 1s known 1n the
art, a halo implant may help to decrease the length of the
channel 116, which may be advantageous for minimizing
punch-through current and controlling short channel effects,
thereby improving the performance of the transistor. For
purposes of forming the partially-depleted bulk silicon tran-
sistors described herein, the halo implants may form par-
tially-depleted regions 117 in the channels 116 under the
gate electrodes 108. These partially-depleted regions 117
allow the transistors to operate with a current profile similar
to those known in the art for partially-depleted SOI sub-
strate-based devices, as will be described 1n greater detail
below. In an embodiment, the halo regions 112, 113 may be
formed by implanting the substrate 101 with conductivity-
determining 1ons ol opposite conductivity type to that of the
conductivity-determining ions used to form the source/drain
regions 114, 115 and the source/drain extension regions 110,
111. For example, as shown 1n FIG. 3B, the halo region 112
tor the PFET 102 1s formed by intermediately doping n-type
ions, as indicated by arrows 1353, and the halo region 113 for
the NFET 103 1s formed by intermediately doping p-type
ions, as indicated by arrows 154.

The halo dopant material 1s typically implanted at an
angle 156 so that the dopant material may be implanted
underneath the spacers 109 and/or the gate electrodes 108.
In an embodiment, the angle of the implantation 156 is
typically substantially less than ninety degrees relative to the
surface of the substrate 101, e.g., between about {ifteen to
about seventy-five degrees relative to the surface of the
substrate 101. In some embodiments, the substrate 101 may
be rotated (e.g., dual and quad halo implants) during the
angled halo implantation to provide symmetrical forms of
the halo regions 112, 113. However, 1n other embodiments,
the halo dopant implant may be implanted perpendicular to
the surface of the substrate 101.

It 1s to be understood that the order 1n which the source/
drain extension regions 110, 111 and the halo regions 112,
113 are formed 1s not critical, rather, the process parameters
(e.g., dose and energy) used to form the source/drain exten-
sion regions 110, 111 and the halo regions 112, 113 may be
regulated to produce the desired conductivity type and
clectrical characteristics within each of the source/drain
extension regions 110, 111 and the halo regions 112, 113. For
example, the source/drain extension regions 110, 111 and the
halo regions 112, 113 may each be formed at a suflicient
dose such that the majority concentration of 10ns in each 1s
ol opposite conductivity type.

10

15

20

25

30

35

40

45

50

55

60

65

8

In some embodiments, the source/drain regions 114, 115
may be self-aligned to the spacers 109 (not shown). With
reference now to FIG. 4, the source/drain regions 114, 115
may be of the same conductivity type as the dopants used to
form the source/drain extension regions 110, 111 (e.g.,
n-type impurities for an NMOS device or p-type impurities
for a PMOS device). The source/drain regions 114, 115 are
formed overlying a portion of the source/drain extension
regions 110, 111, spaced apart from the gate electrode
structures 106. As shown 1n FIG. 4, 1n an embodiment, the
source/drain regions 114 for the PFET device region 102 are
formed by heavily doping p-type impurities, as indicated by
arrows 157, and the source/drain regions 115 for the NFET
device region 103 are formed by heavily doping n-type
impurities, as indicated by the arrows 158.

Although not illustrated, the partially-formed integrated
circuit 1s completed in a conventional manner by, for
example, providing electrical contacts to the source and
drain regions 114, 115 and to the gate electrodes 108. This
conventional processing may include, for example, depos-
iting interlayer dielectrics, etching contact vias, filling the
contact vias with conductive plugs, and the like as are well
known to those of skill 1in the art of fabricating integrated
circuits. Additional post-processing may include the forma-
tion of one or more metal layers (M1, M2, etc.) and
interlayer dielectric layers therebetween to complete the
various electrical connections 1n the integrated circuit. The
present disclosure 1s not itended to exclude such further
processing steps as are necessary to complete the fabrication
of the functional integrated circuit.

FIG. 5 1s a graph that illustrates a simulation of the
clectrical device behavior of the presently described inte-
grated circuits (using “solid tlag” symbology 501), as com-
pared to conventionally-formed bulk silicon integrated cir-
cuits that do not include a partially-depleted region (using
“open pyramid” symbology 502). As shown in FIG. 5, the
performance of a simulated PFET 1ncreases by about 6% to
about 10%. That 1s, the simulated PFET exhibits about 6%
to about 10% higher drive current at the same leakage
current, which 1s caused by the “kink effect” known previ-
ously from partially-depleted devices formed over SOI
substrates 1n the prior art. In the simulated PFET, the kink
cellect occurs due to the storage of holes generated by
ionization at the drain-body junction. As these carriers are
collected 1n the body, they increase the body potential and
lower the threshold voltage of the PFET leading to higher
drive current compared to a conventional bulk device.

As such, various embodiments of bulk silicon integrated
circuits and methods for fabricating the same have been
disclosed including a “‘partially depleted” in a bulk sub-
strate-based CMOS technology. This process flow enables
transistors with higher performance due to the utilization of
the kink effect on a relatively mexpensive and technologi-
cally-matured bulk technology. Further, this combination of
classical bulk silicon substrates and partially-depleted tran-
sistors gives integrated circuit designers more tlexibility for
high-performance and low-power applications on the same
circuit.

While at least one exemplary embodiment has been
presented in the foregoing detailed description of the dis-
closure, 1t should be appreciated that a vast number of
variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are only
examples, and are not mtended to limit the scope, applica-
bility, or configuration of the disclosure 1n any way. Rather,
the foregoing detailed description will provide those skilled
in the art with a convenient road map for implementing an
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exemplary embodiment of the disclosure. It being under-
stood that various changes may be made 1n the function and
arrangement of elements described 1n an exemplary embodi-
ment without departing from the scope of the disclosure as
set forth in the appended claims.
What 1s claimed 1s:
1. A method for fabricating an integrated circuit compris-
ng:
providing a bulk silicon substrate formed of a bulk silicon
material that 1s lightly doped with a first dopant type so
as to be a bulk silicon substrate of the first dopant type;
forming a first device region and a second device region
on the bulk silicon substrate of the first dopant type;
forming a well region that 1s lightly doped with a second
dopant type 1n the second device region so as to form
a well region of the second dopant type within the bulk
silicon substrate of the first dopant type 1n the second
device region, wherein forming the well region of the
second dopant type comprises implanting ions of the
second dopant type into the bulk silicon matenal of the
bulk silicon substrate;
forming a first gate electrode structure over the first
device region so that the first gate electrode structure 1s
in physical contact with the bulk silicon substrate of the
first dopant type and a second gate electrode structure
over the second device region and over the well region
of the second dopant type so that the second gate
clectrode structure 1s 1n physical contact with the well
region of the second dopant type;
forming heavily-doped source/drain extension regions of
the first dopant type entirely in the bulk silicon sub-
strate of the first dopant type adjacent to the first gate
clectrode structure, wherein forming the heavily-doped
source/drain extension regions of the first dopant type
comprises implanting ions of the first dopant type into
the bulk silicon material of the bulk silicon substrate,
and forming heavily-doped source/drain extension
regions of the second dopant type entirely in the well
region of the second dopant type adjacent to the second
gate electrode structure, wherein forming the heavily-
doped source/drain extension regions of the second
dopant type comprises implanting 1ons of the second
dopant type imto the bulk silicon material of the well
region of the bulk silicon substrate;
forming an intermediately-doped halo region of the sec-
ond dopant type entirely 1n the bulk silicon substrate of
the first dopant type underneath the first gate electrode
structure, wherein forming the intermediately-doped
halo region of the second dopant type comprises
implanting 1ons of the second dopant type 1nto the bulk
silicon material of the bulk silicon substrate, and form-
ing an intermediately-doped halo region of the first
dopant type entirely 1n the well region of the second
dopant type underneath the second gate electrode struc-
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ture, wheremn forming the ntermediately-doped halo
region ol the first dopant type comprises implanting
ions of the first dopant type into the bulk silicon
material of the well region of the bulk silicon substrate;
and

forming heavily-doped source/drain regions of the first

dopant type entirely 1n the bulk silicon substrate of the
first dopant type overlying a portion of the source/drain
extension regions in the first device region, wherein
forming the heavily-doped source/drain regions of the
first dopant type comprises implanting 10ons of the first
dopant type into the bulk silicon matenial of the bulk
silicon substrate, and forming heavily-doped source/
drain regions of the second dopant type entirely in the
well region of the second dopant type overlying a
portion of the source/drain extension regions in the
second device region, wherein forming the heavily-
doped source/drain regions of the second dopant type
comprises implanting ions of the second dopant type
into the bulk silicon material of the well region of the
bulk silicon substrate.

2. The method of claim 1, wherein providing the bulk
silicon substrate that 1s lightly doped with the first dopant
type comprises providing a bulk silicon substrate comprising
a p-type dopant.

3. The method of claim 1, wherein forming the well
region that i1s lightly doped with the second dopant type
comprises forming a well region comprising an n-type
dopant.

4. The method of claim 1, wherein forming the first device
region and the second device region in the bulk silicon
substrate comprises forming a shallow trench 1solation struc-
ture 1n the bulk silicon substrate.

5. The method of claim 1, wherein forming the first gate
clectrode structure comprises forming a gate insulation
layer.

6. The method of claim 5, wherein forming the first gate
clectrode structure comprises forming a gate electrode layer.

7. The method of claim 6, wherein forming the first gate
clectrode structure comprises forming spacer structures.

8. The method of claim 1, wherein forming the well
region that 1s lightly doped comprises forming a well region
that 1s doped to a dopant concentration of less than about
SE13/cm”.

9. The method of claim 1, wherein forming the interme-
diately-doped halo region comprises forming a halo region
that 1s doped to a dopant concentration from about 5E13 to
about 5E15/cm”.

10. The method of claim 1, wherein forming the heavily-
doped source/drain regions comprises forming source/drain
regions that are doped to a dopant concentration of greater

than about SE15/cm?.
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